Clinically, arteriovenous shunt (AVS) stenosis results in turbulent and pulsatile flow because of high resistance and pressure within a narrowed space inside a stenotic access. Palpation and ultrasound methods are primarily used (first-line examination) to rapidly screen the risk of the degree of stenosis (DOS). Therefore, quantitative hemodynamic analysis involving Doppler ultrasound is performed in patients suffering from AVS stenosis and undergoing long-term hemodialysis. Doppler ultrasound with a center frequency of 7.5 MHz can provide substantial resolution and sensitivity to the measurement of blood flow velocity within a range of depth of 20.0-30.0 mm and a scan diameter of 10.0 mm. A hemodynamic method is used to analyze blood flow through a hemodialysis access in terms of dimensionless numbers. In this study, velocities were measured using Doppler ultrasound at three specific sites in vessels, namely, arterial anastomosis, loop, and venous anastomosis sites. Dimensionless numbers, such as supracritical Reynolds numbers, critical peak Reynolds numbers, and resistive indices, are determined in accordance with parallel conditional expressionbased rules to create decision trees for the rapid screening of the DOS at the abovementioned specific sites. For the enrolled subjects, results demonstrate that noninvasive hemodynamic analysis with Doppler ultrasound measurements and parallel decision trees has potential for the efficient screening of the DOS in patients suffering from AVS stenosis and undergoing long-term hemodialysis. Experimental results also indicate that the hit and true-positive rates of the proposed screening method in clinical indication are higher than those of the machine learning method.
inflow stenosis occurred in 40% of 101 fistula cases; of these cases, 54% had a coexisting dysfunction on the venous side. Furthermore, 29% of 122 graft cases had inflow stenosis, and all of them had a coexisting stenosis on the venous side [4] .
Previous reports showed that stenosis produces an audible bruit, which results in an increase in high-frequency components in power spectra [5] , [6] . This condition may have implications for early detection and homecare applications. A phonoangiography (PAG) signal provides a noninvasive technique for the monitoring of the sounds of an AVS [5] , [7] , [8] . Frequency analysis, such as a Fourier transform or a wavelet transform, is used to determine the specific frequencies and magnitude of characteristic frequencies for stenosis evaluation. However, PAG techniques are affected by the measurement site, the size of a sampling window, and the performance of a parametric model used for PAG signal analysis. In clinical applications, Doppler ultrasound, color duplex ultrasound, intravascular ultrasound, and X-ray angiography are utilized to detect the presence of a stenosis inside vascular accesses [9] [10] [11] . More complex instruments provide reliable methods and high accuracy in clinical applications but require extra training for appropriate use. Among these methods, Doppler ultrasound is noninvasive, compact, fast, and free of irradiation [12] , [13] . It should also be developed as a portable medical device for first-line examination and homecare demands. A Doppler flowmeter can determine the physiologic blood flow in an AVS by measuring peak-systolic velocity (PSV), peak-diastolic velocity (PDV), end-diastolic velocity (EDV), mean velocity, and heart rate. The resolutions of Doppler ultrasound are in the low-and high-frequency ranges of 8-20 and 20-50 MHz, respectively, which are enough to characterize the properties of blood flow through surface and deep vessels. A pulse generator is an important component of an ultrasound system. In an acoustic pulse design, a unipolar pulser is easily implemented and commonly used in ultrasound, but high sensitivity in Doppler applications is difficult to achieve. Bipolar and reconfigurable pulse generators have been proposed to drive a low-and high-frequency ultrasound transducer [12] [13] [14] to improve the signal quality and signal-to-noise ratio (SNR) at a specific depth and to provide a more reliable signal for monitoring blood flow conditions and imaging the cardiovascular system. High-frequency ultrasound is suitable for imaging small structures with high ultrasonic attenuation by using various methods, such as peripheral vascular, ophthalmic, and intravascular imaging, in in vivo subjects. These techniques can also operate in A-and B-scan modes. Therefore, a continuous wave Doppler flowmeter with 7.5-10.0 MHz frequency designed for measurement probes can be used on AVF and AVG accesses, ranging from 5.0 mm to 12.0 mm in diameter and 20.0 mm to 30.0 mm in depth at arterial anastomosis, loop, and venous anastomosis sites [15] . In this way, patients undergoing hemodialysis can be repeatedly examined to assess their AVF or AVG condition at any time.
Hemodynamic methods have been used to analyze blood flow, including flow in the aorta, aortic arch [16] , [17] , peripheral arterial vessel [18] , [19] , and stent graft [20] , [21] . An unsteady flow occurs with various DOS of vascular accesses. This study aimed to measure blood flow information through an in vivo examination. Low-frequency ultrasound with a multi-cycle bipolar pulse mode was used to achieve deep penetration. Then, a Doppler ultrasound velocity flow waveform was analyzed to provide key information on how pressure, propagation velocity, and frequency depended on the physiological conditions of the blood flow. The instability of the flow field can be evaluated by quantifying dimensionless numbers, such as Reynolds number (Re), Womersley number (α), and Strouhal number (St), which influence flow conditions. A composite of the dimensionless numbers includes supracritical Reynolds number (Re supra ), critical peak Reynolds number (Re peak ), and resistive index (Res) as a quantitative standard to screen the DOS in routine examinations. Hence, the indices Re supra , Re peak , and Res can indicate key physical changes to quantify hemodynamic states for assessing AVF or AVG conditions, including DOS<0.3, 0.3<DOS<0.5, and DOS>0.5. Automated screening methods, such as machine learning and support vector machine [8] , [22] [23] [24] , can be used to design a classifier for identifying possible stenosis levels. However, with these screening methods, multilayer structures, connected weighting parameters, and large amounts of training data should be determined to train a classifier. Optimization algorithms [23] [24] [25] are also required to adjust the optimal connected weighting parameters, consequently increasing the rate of a design cycle. Hence, a parallel decision tree with rules based on conditional expressions (if-then-else decision) [26] , [27] was developed with a simple classifier for the rapid screening of the DOS at multiple sites. The experimental tests involving 40 enrolled subjects (18 females and 22 males) demonstrated the feasibility of the proposed automated screening. In contrast to the machine learningbased classifier, the proposed automated screening method is a nonparametric supervised learning model for classification without iterative computations, optimization techniques, and parameter adjustments.
The remaining parts of this article are organized as follows. Section II describes the materials and methods, including the experimental setup for Doppler ultrasound measurement, hemodynamic analysis, and determination of quantitative parameters for DOS screening. Sections III and IV present the quantitative parameter determination, experimental results and conclusions, and comparison with the machine learningbased classifier.
II. MATERIALS AND METHODS

A. DATA SET OF PATIENTS WITH AVS STENOSIS
The included patients with AVS stenosis consented to undergo the examination and participate in the followup program. This study was approved by the Institutional 
B. EXPERIMENTAL SETUP AND DOPPLER ULTRASOUND MEASUREMENT
Blood flow is a laminar flow through a blood vessel, but turbulence occurs when the blood flows through a stenotic cross-sectional area, which increases the blood's viscosity and flow resistance. In previous studies, the Doppler ultrasound measurement with 8-35 MHz ultrasound provided good resolution for the analysis of blood properties [13] , [14] . In practical applications, the frequency of the ultrasound system varies depending on the study purpose. Figure 2 (a) shows a diagram of the proposed Doppler ultrasound system. The proposed system consists of a transducer (V321-FU-F1, Olympus Panametrics, Waltham, MA, USA; 0.75 in diameter, −6 dB bandwidth 80%) [21] , a pulse-receiver, a trigger controller (which is controlled by a FPGA chip with a programmable trigger waveform function), a protection circuit (series and parallel diodes: limiter and expander), and a high-speed A/D converter (NI PCI-5152, National Instruments Inc, USA) using an embedded system, as shown in Figure 2 (b). The Doppler ultrasound system using a center frequency measurement between 7.5 MHz and 10 MHz and Doppler flow calculation are suitable for flow velocity measurement in AVFs or AVGs.
The single transducer is excited by a pulse repetition frequency (PRF). A 12-bit high-resolution digitizer with a 200 MHz sampling frequency records backscattering and the original signals by using a PRF trigger to synchronize control with a (FPGA) control (DE2-70, Altera, San Jose, CA, USA). A personal computer is used to calculate the Doppler time shift from these two signals. The sample rate of the ultrasonic scan line is ∼ 100 Hz. One advantage of the bipolar pulse design with FPGA control is that it drives a ''higher voltage'' and ''shorter pulse'' width than the traditional ultrasound system. These features can provide a better SNR of the signal for the monitoring of the deeper vessels and are suitable to detect blood changes in a hemodialysis access with the bipolar pulser control in the ranges of 7.5-10 MHz [12] , [28] , [29] . The bipolar pulse design is also a low-cost design that can be easily assembled into a handheld system. The flow velocity is measured using a time-domain crosscorrelation method [30] :
where c is the speed of sound in blood (the velocity of ultrasound in tissue is approximately 1540 m/sec), t is the time shift between successive repetition frequency signals, T is the period between pulse emissions, and θ is the Doppler angle. Doppler shift usually occurs within a velocity range of 0.10-1.40 m/sec in clinical measurement and the frequency shift depends on the transducer frequency. In this study, a 6-mm diameter, circular acoustic transducer, shown in Figure 2 (b), was used to allow the ultrasound energy to be transmitted and received from the blood, and this was set at a Doppler angle of 45-60 degrees. The acoustic beam patterns were measured using a polyvinylidenedifluoride type hydrophone (Onda, Sunnyvale, USA) at a resolution of approximately 26 µm as shown in Figure 3 (a). The pulse generator triggers the beam analyzer to capture a slice of the beam pattern, using 100 V monocyclic pulses with duration of 0.66 µs to excite the transducer [31] . The 7.50 MHz transducer was excited by sinusoidal tone bursts with 5-cycles long pulses at PRFs of 19.48-27.27 kHz as shown in Figure 3 (b). For the pulsatile flow experiments [29] , [32] , the stroke rate was set at 7.5-30.0 beats/min at a peak flow velocity of 1.00-1.40 m/sec using a PRF trigger with FPGA control.
All of the slices obtained at different depths using delayed triggers were combined to create a complete beam pattern. The change in the intensity of the ultrasound beam with thickness is shown in Figure 3 (c). It shows a range of depth of 20.0-30.0 mm and a scan diameter of 10.0 mm. It also shows good resolution within a focusing zone of Table 1 .
C. HEMODYNAMIC ANALYSIS OF AVS STENOSIS
Three hemodynamic factors were evaluated in the study: Re, Womersley number (α) and Strouhal number (St). The Buckingham Pi theorem of dimensional analysis determines these three parameters to be the dimensionless numbers that define the phenomena of flow instabilities [13] , [16] , [19] , [20] , [33] . The Reynolds number (Re) is associated with the transition from laminar flow to turbulent flow in in vivo and in vitro studies [13] , [14] , [19] , [34] , and it also represents the effect of these dimensionless numbers on the presence of flow instabilities in in vitro studies. In physiological pulsatile flow [13] , [15] , [19] , [20] , [33] , these parameters can be used to analyze flow instabilities for different diameters, viscosities, and stroke displacements. Therefore, the dimensionless numbers and the resistive index (Res) are used to evaluate the instability of the blood flow velocity. The Reynolds number (Re) indicates the transition from laminar flow to turbulent flow and is the ratio of inertial forces to viscous forces. It is defined as:
where ρ is the fluid density (blood density 1055 kg/m 3 ), V p (m/sec) is the peak velocity in a cross section, D (m) is the vessel diameter, and µ dyn (N s/m 2 ) is the dynamic viscosity of the blood. Turbulence generally occurs if the number exceeds 2,000 for large vessels and 1,000 for straight arteries.
For a shape such as non-circular ducts, the dimension for internal flow is taken to be the hydraulic diameter (D H ) defined as [35] :
where A (m 2 ) is the cross-sectional area, P is the wetted perimeter, L l is the length of each surface that is in contact with the aqueous body and spline interpolation is used for non-circular surface interpolation with N l fractions. D H is the total perimeter of all channel walls that are in contact with the flow. For a circular duct, D H is equal to the inside diameter. For calculations involving flow in non-circular ducts, D H can be substituted for the diameter of a circular duct and is defined as equation (4). Therefore, the shunt diameters must be modified by using the hydraulic diameter, D H . If a fluid is located between two parallel plates, the ratio of shear stress to shear rate is the viscosity [36] as shown in Figure 4 . However, blood is a heterogeneous tissue and consists of plasma and particles, such as the red blood cells, proteins, and ions. Because blood is a non-Newtonian fluid, the apparent viscosity of blood varies as a function of the hematocrit (Ht). The relationship between the Ht (0% to 80%) and the apparent viscosity can be approximated as a dynamic viscosity, µ dyn , as
where µ plasma ranging from 0.0035 -0.0050 N s/m 2 is the blood viscosity that approximately corresponds to the specific range for a normal adult with 30% to 45% Ht [20] . Therefore, the dynamic viscosity is used to estimate apparent viscosity in a non-Newtonian fluid. The Womersley number (α) indicates the transition from parabolic flow to Womersley flow (plug flow) and is the ratio of unsteady inertial forces to viscous forces. It is defined as:
where f is heart rate. For the estimation of the heart rate, a Doppler ultrasound velocity flow (DUVF) consists of the PSV, PDV, and EDV as shown in Figure 5 (a). The PSV is found as a fiducial point, and the fiducial point interval, the so-called P-P interval, is defined as the interval between two adjacent fiducial points, as with the given DUVF and the following DUVF. The average P-P interval, Tp-p, is the average of the P-P interval for a measurement recording. The average P-P interval is calculated as the average of 10 P-P intervals, so the heart rate is estimated by f = 1/|Tp-p| ( Figure 5(b) ). In the study, the heart rate ranged from 1.00 -1.25 Hz. The Strouhal number (St) represents the dimensionless stroke volume and is the ratio of oscillatory inertial forces to convective inertial forces. It is defined [17] as:
where V p (m/sec) is the peak velocity through a cross section and V m (m/sec) is the mean velocity. D is the vessel diameter. In this study, V p is the PSV and V m is the PDV. 
D. SUPRACRITICAL REYNOLDS NUMBER (Re supra )
The critical peak Reynolds number (Re c peak ) is defined based on both the Womersley (α) and the Strouhal (St) numbers and the equation is represented as [16] :
Equations (2), (6) , and (7) are affected by the vessel diameter, heart rate, cross-sectional velocity, and dynamic viscosity. The supracritical Reynolds number (Re supra ) is defined as Re supra = | Re peak −Re c peak |, which is correlated with body weight, female or male sex, vessel diameter, pulsatility index, and cardiac output. The vascular lumen as a baseline can be determined by ultrasound imaging after percutaneous transluminal angioplasty (PTA) treatment, and the hydraulic diameter, D H , can be calculated using equations (3) and (4). Therefore, the diameter in equations (6) and (7) is regarded as the hydraulic diameter in a cross section. The hemodynamic parameters used in the study are shown in Table 1 .
III. THE SCREENING OF AVS STENOSIS A. DETERMINATIONS OF DOS
Preliminary evaluation of AVS in routine screening by X-ray images, angiographic images, and ultrasound image examination confirm the specific DOS. In clinical research, the degree of narrowing of the normal vessel is used as an index for vessel stenosis in hemodialysis patients. DOS is determined by the reduction in luminal diameter in comparison with either the adjacent vessel or a graft, as shown in Figure 5 , and is defined as [8] , [15] , [23] , [25] 
where D H is the hydraulic diameter of the normal graft or vessel in the direction of the blood flow and d H is the A stenosis, as shown in Figure 5 , affects the velocity, blood flow, and pressure and produces flow disturbances. As the stenosis increases in severity with decreasing residual lumen diameter, there is a progressive decrease in blood flow within the access. Therefore, there is an increase both in velocity and in resistance because the same volume of blood is passing through a smaller cross-sectional area [34] , [37] , [38] . Following the direction of blood flow, the overall scenarios for hemodynamic phenomena can be expressed from an arterial anastomosis site (A site) to a venous anastomosis site (V site). Multi-site measurements using the proposed Doppler ultrasound device are used to detect the velocity of blood flow. The Resupra ratio was determined by dividing an access into segments and supposing that the same volume of blood passes through each segment. The ratios of Resupra at the A site, L site, and V site are defined as [25] Ratio (A) = | Re (A) − Re peak(A) Re (L) − Re peak(L) | =
Re sup ra(A)
Re sup ra(L)
Ratio (L) = Re sup ra(L) Re sup ra(L) = 1 (11)
where each site's quantity is the value of the quantity in the loop site. Therefore, the ratios of Re supra are correlated with body weight, female or male sex, vessel diameter, and hemodynamic factors for any patient, AVFs or AVG shunts, and cross-sectional analysis. Another advantage is that these quantities can be checked rapidly for gross changes at each measurement site. The values of the ratios approach 1 for smaller DOS and values gradually decrease as severity increases.
The resistive index (Res) is an indicator of vessel resistance. Its value increases as the EDV decreases. The Res is more sensitive to abnormal waveforms and is given by
The normal range for the common vessel waveform is 0.50-0.65. Higher values indicate vessel stenosis.
As the velocity distributions and waveforms constantly change, the blood flow is a mixture of high-velocity blood passing the lesion and low-velocity blood downstream from the lesion. The pressure pulses and resultant flow changes are reflected in cyclic changes in the velocities. The Strouhal number (S t ) follows the trend because of its dependence on the velocity dynamic range (V p − V m ). It decreases at the L site and the V site as the stenosis increases, resulting in an unstable flow field as shown in Figure 7 (a). Its gross is a lower value, which results in higher pulsatility for the Class II group. From the inflow to the outflow stenosis conditions, it is seen that the inflow stenosis increases the resistance for the Class II group, and from the outflow to the total occlusion conditions, the inflow and the outflow resistances also increase for the Class III group, as shown in Figure 7(b) . In addition, the average Womersley number (α) is <5.0, where the change in α is based on the local diameter. Use of only α can lead to lack of information for the detection of pulsatile and unstable flow if the local diameter is not determined. Therefore, it is seen that a quantitative analysis using the critical peak Reynolds numbers (Re c peak ), supracritical Reynolds numbers (Re supra ) and resistive indices (Res) can screen for the DOS. The next section details the screening rules for the evaluation of AVS stenosis.
IV. RESULTS AND CONCLUSION
To demonstrate the effectiveness of the proposed method for the evaluation of AVS stenosis, we used 40 subjects, and our proposed system with the supracritical Reynolds number and the resistive index had an accuracy of 90%. The results demonstrated that the supracritical Reynolds number and the resistive index determined for evaluating the DOS were a promising noninvasive procedure to efficiently screen and classify the DOS in patients suffering from AVS stenosis and undergoing long-term hemodialysis. The specific DOS was confirmed by clinical physicians through ultrasonic image examination and observation. For multisite measurements, the sampling volumes were obtained following the direction of blood flow from the A site to the V site. Table 2 shows the results of velocity measurements at A, L, and V sites. From inflow to outflow stenosis conditions, the average inflow velocities and supracritical Reynolds numbers (Re supra ) increase as stenosis gradually develops in the Class II group. As the ratio of V p /V m (>3.5) increases, Re supra increases at the A site and midaccess from the outflow stenosis to the total occlusion conditions. The results confirm the following clinical conditions and show that the measurements can be used for quantitative hemodynamic analysis. Figures 7(b) and 8 show the DOS versus Res and the DOS versus the ratios of Re supra , respectively. As the residual diameter decreases, resistance, velocity, and Reynolds number (Re) increase. At the center of the L site, an AVS access can be divided into inflow and outflow. Re supra and Res indices depend only on the DOS; thus, these indices are indicators of the degree for the evaluation of AVS stenosis. The range of Re supra and Res is also found in increasing stenosis severity (DOS>0.5) at the A and V sites and can be divided into three groups depending on the specific degree, as seen in Figure 7 (b). Tables in Figures 7 and 8 give the ranges of the values of six indices that correspond to the suggested DOS for AVS stenosis, as shown in the quantitative data in Figure 10 in Appendix. The suggested screening rules at measurement sites are shown in Figure 9 on the basis of the physical changes in the six indices to create a decision tree with 10 conditional expressions (if-then-else decision) from the quantitative data features. The flow chart as a tree structure in Figure 9 illustrates the step-by-step decision rules for the order of DOS inference. The parameter trends are different indicators of a specific order. Hence, we can obtain V p and V m by using the proposed Doppler ultrasound measurements and then estimate Re supra and Res by using dimensionless numbers. The four suggested main decision rules are as follows. (1) In Rule #1, if the ratios of Re supra and Res at the A site and the V site are both increasing and the constraints Ratio > θ 2 (1.04 for A site and 1.02 for V site) and Res > θ 1 (0.74 for A site and 0.72 for V site) are satisfied, then Class III is suggested. (2) In Rule #2, if the ratios of Re supra at the A site and the V site are decreasing and the constraints Ratio < θ 3 (0.88 for A site and 0.92 for V site) and Res < θ 1 are satisfied, then Class II is suggested. (3) In Rule #3, if the ratios of Re supra show only minor changes and the constraint Res < θ 1 is met, then Class I is suggested. (4) In Rule #4, if the Res index at the L site is increasing and the constraint Res > θ 4 = 0.68 is met, then Class II/III is suggested; otherwise, Class I is suggested. Figure 9 shows a parallel decision tree, where input node (Ratio (A) , Ratio (V) , Res (A) , Res (L) , and Res (V) ) denotes a test on a conditional expression, each breach represents an outcome of each test, and each leaf outputs the possible class. In the parallel decision tree, 10 decision rules are applied to rapidly screen the stenosis class. For the random selection of the test data from the datasets, a fivefold cross-validation method was used to evaluate the parallel decision tree. The experimental results are shown in Table 3 , with a mean true-negative (TN) rate of 91.62% for identifying DOS<0.5, a mean true-positive (TP) rate of 92.50% for identifying DOS≥0.5, and a mean hit rate of 91.33% for identifying the correct classes.
A multilayer machine learning method was also established to train a classifier [23] , [25] by using 30 input-output paired training patterns (Appendix). The classifier consists of 6 input nodes, 30 pattern nodes, 4 summation modes, and 3 output nodes in the multilayer structure, as seen in Figure 11 in Appendix. The output nodes were encoded as binary values ''1'' or ''0'' as follows: (1) Class I, [1, 0, 0]; (2) Class II, [0, 1, 0]; and (3) Class III, [0, 0, 1]. Measurement data were obtained from 40 enrolled subjects, 75% of the datasets were randomly selected to train the classifier in each learning stage, and the remaining 25% of the datasets were used to evaluate the classifier performance in the recalling stage. The particle swarm optimization (PSO) algorithm [24] , [25] was used to adjust the optimal network parameter by iterative computations with the convergent condition ε ≤10 −2 . About <30 iterative computations and a mean of <30 sec CPU time were necessary to obtain a learning accuracy of 100% in the learning stage. The PSO algorithm with time-varying acceleration coefficients could guarantee a rapidly convergent condition. The testing data were mixed with trained data and untrained data by using the fivefold cross-validations to evaluate the classifier performance (Table 3) , with a mean TN rate of 95.65, a mean TP rate of 92.50%, and a mean hit rate of 93.33%. The comparisons of the experimental results showed that the parallel decision tree and the multilayer classifier had promising results for automated stenosis screening at multiple measurement sites. However, the multilayer classifier required parameter assignment (including particle sizes, acceleration coefficients, maximum iterative computation number), large amounts of training data, memory requirement, and iterative computations for classifier training. In contrast to the multilayer classifier, the parallel decision tree did not require parameter assignment and adjustment, which were parallel to exploring the result in accordance with the conditional expression rules. The parallel decision tree model required minimum data preparation to create the decision tree, and their conditional expressions were easily represented by logic judgment functions. Hence, the parallel decision tree could shorten the design cycle.
The proposed screening rules provided a standard procedure to evaluate the class of the AVS stenosis in longterm routine examinations. In clinical applications, a reference or baseline data are established after PTA or surgical revision, and the trend in six parameters can be determined during a routine examination by using this suggested guide. In combination with clinical examination, such as palpation and auscultation, these procedures provided a reliable and noninvasive method for the determination of AVS conditions. In other studies, the blood flow in a vascular stenosis, a multiple stenosis artery [16] , [17] , or a diseased thoracic aorta during treatment is subjected to computerized analysis. Turbulent flow occurs in a narrowed access as resistance and pressure increase. Hemodynamic simulation software shows that the flow in this narrowed access results in increased Reynolds number and shear rate and in high velocity and pressure gradients. However, the hemodynamic simulation encounters difficulties under complex conditions, such as unsteady momentum equations for viscous fluid, mass conservation equations, or radial variations in blood viscosity. These restrictions allow the simulation to only consider ''velocity distribution'' and ''wall shear stress'' in a cross-sectional area. In addition, the complicated blood vessel geometry requires the use of computational fluid dynamic software. This software can assess important effects, risks of serious medical conditions, and real clinical phenomena in blood vessels and elucidate hemodynamic properties. However, a stenotic condition cannot be detected and is still invisible in in vivo examination.
In real clinical examinations, X-ray angiography, Doppler sonography, ultrasound imaging, and ultrasound flowmetry are reliable and highly accurate ways to detect a stenosis inside the vascular access. Among them, ultrasound flowmetry is a noninvasive, well-developed, compact, and nonirradiative measurement technique. The resolutions of Doppler ultrasound in low-and high-frequencies ranging from 8 MHz to 50 MHz can detect the properties of blood flow, which can operate in A-and B-scan modes. Intravascular ultrasound catheters have permitted tomographic visualization to reveal the cross section of arterial vessels, such as coronary artery, with a diameter of <0.9 mm [39]- [41] . However, it is an invasive imaging technology for scanning the intimal layer of vessels. A high-frequency ultrasound (>20 MHz) is suitable for detecting hemodynamic states in peripheral arteries or microvessels [42] , [43] . The proposed Doppler acoustic device with the suggested 7.5-10.0 MHz central operating frequency, a Doppler angle of 45-60 degrees, and a bipolar pulse design is a low-cost tool that can be easily embedded in a handheld system. This study validated that the acoustic beam provides a good resolution that allows the measurement of the velocity of blood flow in an AVS access within a focusing zone of 10.0 mm × 20.0 mm and attenuation from 25.0 dB to 20.0 dB. Therefore, the sample volume length is sufficiently long to be fully inserted in the AVS access.
One advantage of the proposed system is that it can measure blood flow information in an in vivo examination. Thus, the ratios of Re supra and Res indices can be calculated with the parameters V p (PSV), V m (PDV), and heart rate at multiple measurement sites. Compared with those at arterial anastomosis and venous anastomosis sites, the ratios of Re supra indicate that the values approach 1 through an AVS access for Class I, the values gradually decrease for Class II, and the values are >1 for Class III. The first three ratios are used to identify the pulsatile flow and the flow instabilities from inflow to outflow, and the last three indices are used to identify the intravascular resistances. The combined trend patterns of the six parameters have specific ranges to separate into three degrees. The standard procedure of screening rules provides a promising way to evaluate the possible classes in sequence. In clinical applications, the related thresholds, θ1-θ4, can be input, reassigned, and stored with increasing examination data for further analysis. Further research may contribute to the development of screening rules to create a rule-based inference system by using artificial intelligence methods. A combined test tool should also be developed to screen AVS dysfunction in clinical usage.
APPENDIX
• Quantitative data: A total of 30 training data were enrolled in the IRB project, including (1) Class I (DOS < 0.3), 11 enrolled subjects; (2) Class II (0.3 < DOS < 0.5), 12 enrolled subjects; and (3) Class III (DOS > 0.5), 7 enrolled subjects ( Figure 10 ).
• Multilayer machine learning based classifier: Its structure consists of 6 input nodes, 30 pattern nodes, 4 summation nodes, and 3 output nodes in the multilayer structure ( Figure 11 ). 
